A synopsis of experimental data concerning the complexation of radionuclides with humic substance from various laboratories using different experimental methods reveals a consistent pattern of the metal concentration effect: With decreasing radionuclide concentration (and all other parameters held constant) an increase in the complexation of the radionuclide with humic substance is observed. The implications of this effect for model calibration and practical applications are discussed.
Introduction
The complexation of radionuclides with humic substance has been investigated for three decades by various laboratories using different experimental methods over a wide range of experimental parameters. The reported results, mostly given in terms of "complexation constants" or "stability constants" of some sort, vary considerably. In a recent study of the complexation of Np(V) with humic acid [1] the authors made an intercomparison of results from different laboratories. They conclude that there are two primary reasons for the observed variation in reported complexation constants : large uncertainties and systematic errors in certain experimental methods, and different approaches of evaluating the concentration of free humic acid. We agree that some of the observed scatter in reported complexation constants can be ascribed to artefacts and uncertainties in experimental procedures. Also calculations of the concentration of free humic acid by different authors may be based on different model assumptions and operational definitions. This certainly is a source of sometimes large variations in comparisons of reported numerical results, even if the original experimental data show very good agreement. However, the main reason for the observed differences is not a matter of definitions and systematic experimental artefacts, but stems from the fact that the measurements, while using different experimental methods, span a large range, not only in pH but also in metal concentration. In the following we will visualize the influence of varying metal concentration on the results by a synopsis of experimental data measured by several different techniques in a number of laboratories [1,2*, 4-14],
Synopsis of experimental data
The minimal set of experimental data needed to describe the interaction of a metal ion, M, with a humic substance, HS, comprises [MHS], the concentration of metal bound to a certain humic substance, [M] , the concentration of free metal in the aqueous phase, and (HS) total) the total concentration of humic substance. This minimal set of experimental information can be summarized by a constant C K, defined as the number of moles of metal bound per gram of humic substance divided by the concentration of free metal in solution :
^MHS]_ [M] · (HS) total
The unit of C K therefore is volume per mass, usually given as L/g.
In contrast to simple organic ligands with known molecular structure, "humic substance" serves just as a label for an operationally defined class of a naturally occurring mixture of medium to large size molecules. Any attempt to calculate the concentration of free humic substance (i.e. the concentration of free binding sites) involves additional model assumptions or additional operational definitions, such as a mean molecular weight, a proton exchange capacity, the degree of proton dissociation, or a loading capacity. These different assumptions and definitions invariably lead to different values for the concentration of free binding * All experimental raw data published in [2] are also available on the Internet under the address http://www.psi.ch by chosing "Departments and Projects" and "Waste Management". sites and thus result in different values for complexation constants. Hence, as discussed in detail in [3] , the concentration of free binding sites is a model dependent parameter. In order to avoid ambiguities due to this model dependent parameter, for the following intercomparisons all experimental data were reevaluated according to Eq. (1) and given as log C K values.
In this contribution we will not discuss the effect of different water compositions on radionuclide-humic complexation, i.e. the effect of competing cations like Ca or Al on radionuclide complexation is neglected. Therefore we only compare data measured in NaCl [7] , KNO3 [8] or NaC10 4 solutions (all other references).
Np(V)
A synopsis of experimental data concerning the complexation of Np(V) with humic substance is shown in Fig. 1 as a plot of log C K versus pH. As can be seen in this plot, the data cluster essentially in two regions of log C K. Data in the lower cluster, determined by UV/vis spectroscopy by two different groups [1, 4, 5] , show good overall agreement. Data in the upper cluster, determined by equilibrium dialysis [2] , electrophoretic ion focusing and anion exchange [6] , exhibit somewhat larger scatter. In Fig. 1 the large discrepancy in the results is hardly ascribed to their spectroscopic method and therefore, the observed discrepancy may be attributable to large uncertainties in the other experimental methods. Indeed, some of the scatter seen in the upper data cluster of Fig. 1 may arise from uncertainties in experimental methods but the main features reflect real chemical effects. Fig. 1 is a two-dimensional projection of a multi-dimensional chemical parameter space. The most important parameter not considered in Fig. 1 is the concentration of the radionuclide. If we take a "slice" of data from Fig. 1 in the pH range 7 to 7.5, where results from all different sources overlap, and plot log C K versus log [M], the concentration of free Np(V), the metal concentration effect is immediately revealed (Fig. 2) . All measurements by UV/vis spectroscopy were done at high metal concentration (10~4 M and higher), whereas the measurements by equilibrium dialysis were carried out at 10" 8 M Np(V) and the measurements by electrophoretic ion focusing and anion exchange were done in the range of 10~1 3 M. The consistent picture revealed by Fig. 2 (and similar pictures can be found for any "pH slice") indicates a strong dependence of the experimental C K values on the radionuclide concentration. With decreasing metal concentration a significant increase in the complexation of the metal by humic substance is observed.
Ca
This observation is not restricted to Np(V). Another example is shown in Fig. 3 where experimental data of Ca complexation with humic substance is assembled. Again, data measured by three different methods, equilibrium dialysis [2] , Schubert's ion exchange method [7] and measurements with a Ca sensitive electrode [8] , reveal a consistent picture. With decreasing metal concentration the complexation of Ca with humic substance becomes more pronounced in a very systematic manner. 
Eu, Am, Cm
In the cases of Np(V) and Ca discussed so far, the overall metal concentration effect in the investigated concentration range is found to be less than two orders of magnitude in C K. However, in the cases of the trivalent cations Eu, Am and Cm the metal concentration effect is much more pronounced. A synopsis of experimental data from different laboratories, measured with different methods and comprising different humic substances reveals a very consistent pattern (Fig. 4) . (Note, that the Cm data from [13] were re-evaluated starting with the raw experimental data given in Fig.  3 in [13] and using the same evaluation method as outlined in [11] and used in [14] . The values of [Cm 3+ ] and [CmHA(II)] given in Table 5 of [13] , corresponding to [M] and [MHS] in our nomenclature, are the result of fitting the raw data to the humic complexation model of [13] .) The scatter in experimental data from different sources does not exceed one order of magnitude in C K (Fig. 4) if data within a certain narrow range of metal concentration is considered. This is consistent with the observations for Ca (Fig. 3) and Np(V) (Fig. 2) . However, the overall systematic variation in C K as a function of free metal concentration spans several orders of magnitude.
Conclusions
Summarizing our results revealed by a synopsis of experimental data, we conclude that there is ample evidence of a metal concentration effect concerning the complexation of radionuclides with humic substance. The observation of such an effect is not surprising if we consider "humic substance" as a mixture of molecules. Some binding sites of these molecules are expected to exhibit stronger affinity to metal ions than others. These strong binding sites determine the metal uptake at very low metal concentrations. With increasing metal concentration the strong sites reach saturation and weaker binding sites determine the metal uptake resulting in an overall decrease of metal-humate interaction with increasing metal concentration. This conceptual view of metal complexation by humic substance is widely accepted in the literature [8, 15, 16] and the discussions generally do not address the metal concentration effect as such but concern the question how this effect could be adequately described by humic binding models. A recently proposed pragmatic approach for application in the field of performance assessment for repositories of radioactive waste is discussed in detail in [2] . For a review of binding models with respect to the effects of metal concentration, pH and ionic strength see [3] . However, any model may underestimate the metal-humate interaction by several orders of magnitude (e.g. dotted line in Fig. 4) if the model is calibrated only at high metal concentration and subsequently used for calculations at very low metal concentration. Hence, consideration of the metal concentration effect is of utmost importance in any practical application aiming at an assessment of the influence of humic substance on the complexation and mobility of traces of radionuclides escaping an underground repository.
